INTRODUCTION
============

Hyperpolarization enables real-time monitoring of in vitro and in vivo biochemistry
-----------------------------------------------------------------------------------

Conventional magnetic resonance (MR) is an unmatched tool for determining molecular structures and monitoring structural transformations. However, even very large magnetic fields only slightly magnetize samples at room temperature and sensitivity remains a fundamental challenge; for example, virtually all MR images are of water because it is the molecule at the highest concentration in vivo. Nuclear spin hyperpolarization significantly alters this perspective by boosting nuclear MR (NMR) sensitivity by four to nine orders of magnitude ([@R1]--[@R3]), giving access to detailed chemical information at low concentrations. These advances are beginning to transform biomedical in vivo applications ([@R4]--[@R9]) and structural in vitro studies ([@R10]--[@R16]).

Current hyperpolarization technology is expensive and associated with short signal lifetimes
--------------------------------------------------------------------------------------------

Still, two important challenges remain. First, hyperpolarized MR is associated with high cost for the most widespread hyperpolarization technology \[dissolution dynamic nuclear polarization (d-DNP), \$2 million to \$3 million for commercial hyperpolarizers\]. Second, hyperpolarized markers typically have short signal lifetimes: typically, hyperpolarized signals may only be tracked for 1 to 2 min in the most favorable cases ([@R6]), greatly limiting this method as a probe for slower biological processes.

The presented approach is inexpensive and produces long-lived signals
---------------------------------------------------------------------

Here, we demonstrate that both of these challenges can be overcome simultaneously, setting the stage for hour-long tracking of molecular markers with inexpensive equipment. Specifically, we illustrate the potential of ^15^N~2~-diazirines as uniquely powerful storage vessels for hyperpolarization. We show that diazirine can be hyperpolarized efficiently and rapidly (literally orders of magnitude cheaper and quicker than d-DNP), and that this hyperpolarization can be induced in states that maintain hyperpolarization for more than an hour.

Our approach uses parahydrogen (*p*-H~2~) to directly polarize long-lived nuclear spin states. The first demonstration of parahydrogen-induced polarization (PHIP) was performed in the late 1980s ([@R17]--[@R19]). Then, PHIP was used to rely on the addition of *p*-H~2~ to a carbon double or triple bond, incorporating highly polarized hydrogen atoms into molecules. This approach generally requires specific catalyst-substrate pairs; in addition, hydrogen atoms usually have short relaxation times (*T*~1~) that cause signal decay within a few seconds. A more recent variant, SABRE (signal amplification by reversible exchange) ([@R20], [@R21]), uses *p*-H~2~ to polarize ^1^H atoms on a substrate without hydrogenation. In SABRE, both *p*-H~2~ and substrate reversibly bind to an iridium catalyst and the hyperpolarization is transferred from *p*-H~2~ to the substrate through *J*-couplings established on the catalytic intermediate. Recently, we extended this method to SABRE-SHEATH (SABRE in SHield Enables Alignment Transfer to Heteronuclei) for direct hyperpolarization of ^15^N molecular sites ([@R22]--[@R24]). This method has several notable features. Low-γ nuclei (^13^C, ^15^N) tend to have long relaxation times, particularly if a proton is not attached. In addition, conventional SABRE relies on small differences between four-bond proton-proton *J*-couplings (detailed in the Supplementary Materials), whereas SABRE-SHEATH uses larger two-bond heteronuclear *J*-couplings. It is extremely simple: SABRE-SHEATH requires nothing but *p*-H~2~, the catalyst, and a shield to reduce Earth's field by about 99%. After 1 to 5 min of bubbling *p*-H~2~ into the sample in the shield, we commonly achieve 10% nitrogen polarization, many thousands of times stronger than thermal signals ([@R22]). In contrast, d-DNP typically produces such polarization levels in an hour, at much higher cost.

Diazirines are small and versatile molecular tags
-------------------------------------------------

A general strategy for many types of molecular imaging is the creation of molecular tags, which ideally do not alter biochemical pathways but provide background-free signatures for localization. This strategy has not been very successful in MR because of sensitivity issues. Here, we demonstrate that SABRE-SHEATH enables a MR molecular beacon strategy using diazirines ![](1501438_FX1.jpg) (three-membered rings containing a nitrogen-nitrogen double bond). They are highly attractive as molecular tags, primarily because of their small size. Diazirines have already been established as biocompatible molecular tags for photoaffinity labeling ([@R25]). They can be incorporated into many small molecules, metabolites, and biomolecules without drastically altering biological function. Diazirines share similarities with methylene (CH~2~) groups in terms of electronic and steric properties such that they can replace methylene groups without drastically distorting biochemical behavior. Furthermore, diazirines are stable at room temperature, are resistant to nucleophiles, and do not degrade under either acidic or alkaline conditions ([@R25]). With these attractive properties, diazirines have been used for the study of many signaling pathways. For example, they have been incorporated into hormones ([@R26]), epileptic drugs ([@R27]), antibiotics ([@R28]), hyperthermic drugs ([@R29]), anticancer agents ([@R30]), anesthetics ([@R31]), nucleic acids ([@R32]), amino acids ([@R33]), and lipids ([@R34]). They also have been introduced into specific molecular reporters to probe enzyme function and their binding sites such as in kinases ([@R35]), aspartic proteases ([@R36]), or metalloproteinases ([@R37]), to name a few. The nitrogen-nitrogen moiety is also intrinsically interesting, because the two atoms are usually very close in chemical shift and strongly coupled, thus suited to support a long-lived singlet state as described below.

RESULTS AND DISCUSSION
======================

Our first target molecule was 2-cyano-3-(D~3~-methyl-^15^N~2~-diazirine)-propanoic acid in methanol-*d*~4~, depicted in [Fig. 1](#F1){ref-type="fig"} along with the catalyst. To establish this hyperpolarization mode, we developed a new catalyst for this SABRE-SHEATH process. We synthesized \[Ir(COD)(IMes)(Py)\]\[PF~6~\] \[COD, cyclooctadiene; IMes, 1,3-bis(2,4,6-trimethylphenyl)-imidazolium; Py, pyridine\] as depicted in [Fig. 1A](#F1){ref-type="fig"}. This precursor is dissolved in a diazirine-containing methanol solution and activated by bubbling hydrogen through this solution for \~20 min. This produces the catalytically active \[Ir(IMes)(H~2~)(Py)(Diaz)\]^+^ species depicted in [Fig. 1B](#F1){ref-type="fig"}.

![The hyperpolarization mechanism.\
(**A**) The precatalyst, ^15^N~2~-diazirine substrate, and *p*-H~2~ are mixed, resulting in the activated species depicted in (B). (**B**) Both *p*-H~2~ and the free ^15^N~2~-diazirine \[2-cyano-3-(D~3~ methyl-^15^N~2~-diazirine)-propanoic acid\] are in reversible exchange with the catalytically active iridium complex. The catalyst axial position is occupied by IMes \[1,3-bis(2,4,6-trimethylphenyl)-imidazolium\] and Py (pyridine) as nonexchanging ligands. The structure shown is a local energy minimum of the potential energy surface based on all-electron DFT calculations and the dispersion-corrected PBE density functional. In the complex, hyperpolarization is transferred from the parahydrogen (*p*-H~2~)--derived hydrides to the ^15^N nuclei (white, hydrogen; gray, carbon; blue, nitrogen; red, oxygen).](1501438-F1){#F1}

Density functional theory calculations shed light on polarization transfer catalyst
-----------------------------------------------------------------------------------

The Ir complex conformation shown in [Fig. 1B](#F1){ref-type="fig"} was determined by all-electron density functional theory (DFT) calculations \[semilocal Perdew-Burke-Ernzerhof (PBE) functional ([@R38]), corrected for long-range many-body dispersion interactions ([@R39]), in the FHI-aims software package ([@R40], [@R41]); see the Supplementary Materials for details\]. The calculations indicate a η^1^ single-sided N attachment rather than η^2^-N=N attachment of the diazirines. In the Ir complex, hyperpolarization is transferred from *p*-H~2~ gas (\~92% para-state, 7.5 atm) to the ^15^N~2~-diazirine. Both *p*-H~2~ and substrate are in reversible exchange with the central complex, which results in continuous pumping of hyperpolarization: *p*-H~2~ is continually refreshed and hyperpolarization accumulated on the diazirine substrate.

An alternate polarization transfer catalyst is introduced
---------------------------------------------------------

As opposed to the traditional \[Ir(COD)(IMes)(Cl)\] catalyst ([@R18]), the synthesized \[Ir(COD)(IMes)(Py)\]\[PF~6~\] results in a pyridine ligand *trans* to IMes, improving our hyperpolarization levels by a factor of \~3 (see the Supplementary Materials). We have found that this new approach, which avoids competition from added pyridine, makes it possible to directly hyperpolarize a wide variety of different types of ^15^N-containing molecules (and even ^13^C). However, diazirines represent a particularly general and interesting class of ligands for molecular tags and are the focus here.

As depicted in [Fig. 2A](#F2){ref-type="fig"}, the hyperpolarization proceeds outside the high-field NMR magnet at low magnetic fields, enabling SABRE-SHEATH directly targeting ^15^N nuclei ([@R22]). To establish the hyperpolarization, we bubble *p*-H~2~ for \~5 min at the adequate field. Then, the sample is transferred into the NMR magnet within \~10 s, and ^15^N~2~ signal detection is performed with a simple 90° pulse followed by data acquisition.

![Experimental and spectral distinction between magnetization and singlet spin order.\
(**A**) Experimental procedure. The sample is hyperpolarized by bubbling parahydrogen (*p*-H~2~) through the solution in the NMR tube for 5 min and subsequently transferred into the high-field magnet for detection. If the hyperpolarization/bubbling is performed in a magnetic shield at \~6 mG, *z*-magnetization is created (black). If the hyperpolarization/bubbling is performed in the laboratory field anywhere between \~0.1 and \~1 kG, singlet order is created (blue). (**B**) *Z*-magnetization and singlet spin order can easily be distinguished based on their spectral appearance. a.u., arbitrary units. *Z*-magnetization produces an in-phase quartet (black). Singlet order gives an anti-phase quartet (blue). The spin system parameters for the ^15^N~2~ two-spin system are *J*~NN~ = 17.3 Hz and Δδ = 0.58 parts per million.](1501438-F2){#F2}

Two types of hyperpolarized states can be created: Magnetization and singlet order
----------------------------------------------------------------------------------

We create two different types of hyperpolarization on the ^15^N~2~-diazirine. We can hyperpolarize traditional *z*-magnetization, which corresponds to nuclear spins aligned with the applied magnetic field and is associated with pure in-phase signal as illustrated with the black trace in [Fig. 2B](#F2){ref-type="fig"}. Alternatively, we can hyperpolarize singlet order on the ^15^N~2~-diazirine, which corresponds to an anti-aligned spin state, with both spins pointing in opposite directions, entangled in a quantum mechanically "hidden" state. This hidden singlet order is converted into a detectable state when transferred to a high magnetic field and associated with the anti-phase signal illustrated by the blue trace in [Fig. 2B](#F2){ref-type="fig"} (see the Supplementary Materials for details). The difference in symmetry of *z*-magnetization and singlet order leads to differences in signal decay rates; *z*-magnetization is directly exposed to all NMR relaxation mechanisms and is often associated with shorter signal lifetimes, which may impede molecular tracking on biologically relevant time scales. Singlet order, on the other hand, is protected from many relaxation mechanisms because it has no angular momentum ([@R42]--[@R52]) and can therefore exhibit much longer lifetimes, enabling hour-long molecular tracking.

The type of hyperpolarized state is selected by the magnetic field
------------------------------------------------------------------

We can control which type of hyperpolarization we create by choosing the appropriate magnetic fields for the bubbling process. *Z*-magnetization is created in the SABRE-SHEATH mode at low magnetic fields inside a magnetic shield ([@R22]--[@R24], [@R53], [@R54]). This behavior is explained by resonance conditions for hyperpolarizing magnetization versus singlet order that we derive in the Supplementary Materials. The condition for creating magnetization, ν~H~ − ν~N~ = \|*J*~HH~ ± *J*~NN~\|, is field-dependent in the NMR frequencies, ν~H~ and ν~N~, and field-independent in the *J*-couplings. Accordingly, hyperpolarized magnetization is created at a magnetic field where the frequency difference matches the *J*-couplings. This magnetic field is \~6 mG, which is obtained by using *J*~HH~ = −10 Hz, *J*~NN~ = −17.3 Hz, γ~1H~ = 4.2576 kHz/G, and γ~15N~ = −0.4316 kHz/G (see the Supplementary Materials). The theoretical prediction of 6 mG matches the experimental maximum for hyperpolarized *z*-magnetization illustrated by the blue data in [Fig. 3A](#F3){ref-type="fig"}.

![Hyperpolarization buildup in the form of magnetization or singlet order.\
(**A**) Magnetization and singlet order as a function of magnetic field. The graph shows signal intensity after 5 min of bubbling. Magnetization is produced only at low magnetic fields inside the magnetic shield ideally at \~6 mG. Singlet order is obtained at any other magnetic field up to \~1 kG. (**B**) Spin systems and resonance conditions for forming magnetization versus singlet order. The condition for forming magnetization is field-dependent, whereas the condition for forming singlet order is not field-dependent, explaining the experimental observations of (A). (**C**) Polarization buildup as a function of bubbling time. Magnetization builds up faster, because the resonance condition can be matched exactly and *T*~1~ is shorter, whereas singlet order builds up slower because the matching condition is not met exactly and *T*~S~ is longer. The measurements are performed with a methanol-*d*~4~ solution containing 12 mM ^15^N~2~-diazirine, 0.5 mM \[IrCl(COD)(IMes)\], 4 mM Py, and 960 mM D~2~O.](1501438-F3){#F3}

The condition for creating singlet order, on the other hand, *J*~HH~ = ± *J*~NN~, is not dependent on the magnetic field and, for the system at hand, is fulfilled closely enough (*J*~HH~ \~ 10 Hz, *J*~NN~ \~ −17.3 Hz) such that singlet order can be induced virtually at any magnetic field, under the condition that the singlet state remains close to an eigenstate of the Hamiltonian, which is true for fields up to \~1 kG. As illustrated in [Fig. 3C](#F3){ref-type="fig"}, the singlet buildup is indeed slightly slower and less efficient, as expected for an imperfectly matched resonance condition. Accordingly, the optimal magnetic field for hyperpolarizing singlet order is not tied to specific magnetic fields. Instead, the optimal magnetic field to produce singlet order is the field associated with the longest singlet lifetime, allowing for accumulation over a long time span. We find well-suited lifetimes at fields between \~0.5 and \~200 G.

Central results: 5% polarization for magnetization with 6-min decay constant, 3% singlet polarization with 23-min decay constant
--------------------------------------------------------------------------------------------------------------------------------

For *z*-magnetization, we observe up to 15,000-fold signal enhancements over thermal control experiments at 8.5 T displayed in [Fig. 4A](#F4){ref-type="fig"}. This corresponds to \~5% polarization. For singlet order, up to 5000-fold signal enhancements are observed, corresponding to \~3% singlet polarization. Notice that the singlet polarization level is not much lower than the polarization of magnetization despite the signal enhancement being three times lower. This mismatch between enhancements and polarization is attributed to the singlet readout being \~60% as efficient as the magnetization readout in our current setup (see the Supplementary Materials). [Figure 4](#F4){ref-type="fig"} (B and C) displays typical *T*~1~ and *T*~S~ lifetime measurements. Spectra are obtained after 5-min bubbling and a varying relaxation delay at a chosen holding field. The acquired spectra are subsequently integrated and fit to mono-exponential decays shown in [Fig. 4C](#F4){ref-type="fig"}. Under conditions of relatively low catalyst concentrations and relatively low magnetic fields, as specified in the figure caption, a *T*~1~ of 5.8 ± 0.3 min and a *T*~S~ of 23 ± 3 min are observed (see the Supplementary Materials for more exhaustive data under various concentrations and magnetic fields). Typical ^13^C hyperpolarization studies collect data for about three times the spin lifetime, which is about 3 min (3 × 1 min) for typical ^13^C substrates. Here, the 23-min lifetime enables data collection for over an hour.

![Maximum enhancement levels and decay time constants observed for magnetization and singlet order.\
(**A**) Single-shot SABRE-SHEATH spectra obtained from a methanol-*d*~4~ solution containing 3 mM ^15^N~2~-diazirine, 0.125 mM \[Ir(COD)(IMes)(Py)\]\[PF~6~\], and 240 mM D~2~O. Enhancements are obtained by comparison to the displayed thermal reference spectrum of the ^15^N~2~-diazirine \[2-cyano-3-(D~3~-methyl-^15^N~2~-diazirine)-propanoic acid\] in D~2~O. (In D~2~O, the chemical shift difference between the ^15^N nuclei is smaller than that in MeOH, and therefore, only one peak is observed.) (**B**) Representative *T*~1~ and *T*~S~ decay measurements. *T*~1~ is measured at 120 G (12 mT) from a methanol-*d*~4~ solution containing 12 mM ^15^N~2~-diazirine, 0.125 mM \[IrCl(COD)(IMes)\], 1 mM Py, and 960 mM D~2~O. *T*~S~ is measured at 3 G (0.3 mT) from a solution containing 12 mM ^15^N~2~-diazirine, 0.05 mM \[IrCl(COD)(IMes)\], and 0.4 mM Py. (**C**) The *z*-magnetization and singlet-order components are extracted from the data sets in (B) and fit to a single exponential (see the Supplementary Materials for further details).](1501438-F4){#F4}

CONCLUSION
==========

The demonstrated hyperpolarization lifetimes, combined with the ease of hyperpolarization in these broadly applicable biomolecular tags, may establish a paradigm shift for biomolecular sensing and reporting in optically opaque tissue. The demonstrated lifetimes even exceed lifetimes of some common radioactive tracers used in positron emission tomography (PET) (for example, ^11^C, 20.3 min). However, unlike PET, MR is exquisitely sensitive to chemical transformations and does not use ionizing radiation (such that, for example, daily progression monitoring of disease is easily possible). The presented work may allow direct access to biochemical mechanisms and kinetics in optically opaque media. We therefore envision tracking subtle biochemical processes in vitro with unprecedented NMR sensitivities as well as real-time in vivo biomolecular imaging with hyperpolarized diazirines.

MATERIALS AND METHODS
=====================

Samples hyperpolarized with \[Ir(COD)(IMes)(Py)\]\[PF~6~\] as precursor
-----------------------------------------------------------------------

We prepared a stock solution of 0.5 M \[Ir(COD)(IMes)(Py)\]\[PF~6~\] in CD~3~OD. Subsequently, an appropriate aliquot of this stock solution was added into the NMR tube containing CD~3~OD such that a volume of 600 μl of the targeted concentration was obtained. To this solution, we then added an aliquot of a 700 mM solution of the diazirine in D~2~O to achieve the desired diazirine concentration.

Samples hyperpolarized with \[Ir(COD)(IMes)Cl\] as precursor
------------------------------------------------------------

We prepared a stock solution of 0.5 M \[Ir(COD)(IMes)Cl\] plus 8 eq of pyridine, that is, 4 M in CD~3~OD. Subsequently, an appropriate aliquot of this stock solution was added into the NMR tube containing CD3OD such that a volume of 600 μl at the targeted concentration was obtained. To this solution, we then added an aliquot of a 700 mM solution of the diazirine in D~2~O to achieve the desired diazirine concentration.

Parahydrogen production
-----------------------

Parahydrogen (*p*-H~2~) gas (\~92% para-state, 8.2 atm) was created in a Bruker parahydrogen generator (slightly modified to access higher pressures) and bubbled through the solution prepared above. For catalyst activation, bubbling was performed for 20 min before starting any experiments.

Experimental setup to obtain well-controlled milligauss fields
--------------------------------------------------------------

A set of three layers of magnetic shielding was used to obtain a low--magnetic field environment (MuMETAL Zero Gauss Chambers; product ZG-206, Magnetic Shield Corp.) The shields are degaussed with a degaussing coil wrapped around the innermost shield. In the center of the shields, we placed a solenoid with length *L* = 47.5 cm and *N* = 165 turns (see the Supplementary Materials for further details and a picture).
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Fig. S1. Synthesis of 2-cyano-3-(3′-(methyl-*d*~3~)-3′*H*-diazirine-3′-yl-1′,2′-^15^N~2~)propanoic acid using modified literature procedures.

Fig. S2. Spin system for polarization transfer.

Fig. S3. Eigenstates of a *J*-coupled two-spin system as a function of magnetic field.

Fig. S4. Simulated spectra for magnetization and singlet order.

Fig. S5. Three candidate conformations of 2-cyano-3-(D~3-~methyl-^15^N~2~-diazirine)-propanoic acid as identified by DFT PBE + TS calculations, as used to construct likely catalytically active structures producing hyperpolarization attached to the SABRE catalyst.

Fig. S6. First-principles derived candidate conformations of catalytic species that drive hyperpolarization transfer.

Fig. S7. Experimental SABRE-SHEATH setup.

Fig. S8. Decay time constants, buildup constants, and enhancements as a function of magnetic field and concentrations.

Fig. S9. The effect of continued singlet-polarization buildup after stopping p-H~2~ bubbling.

Table S1. Relative energies of the diazirine attachment modes tested in this work for the case of two different ligands that are simultaneously present: two equatorial hydrides, axial IMes, axial pyridine, one equatorial pyridine, and diazirine in an equatorial position.

Table S2. Relative energies of the diazirine attachment modes tested in this work for the case of two diazirine molecules that are simultaneously present.

Table S3. Magnetization lifetimes, *T*~1~, under varying catalyst concentrations and holding fields.

Table S4. Singlet lifetimes, *T*~S~, under varying catalyst concentrations and holding fields.

Table S5. Magnetization buildup times, Tb~1~, at 6 mG under varying catalyst concentrations.

Table S6. Singlet buildup times, Tb~S~, under varying catalyst concentrations and magnetic fields.

Table S7. Enhancements, ε, under varying concentrations of catalyst \[IrCl(COD)(IMes)\] (**1a**), \[Ir(COD)(IMes)(Py)\]\[PF~6~\] (**1b**), diazirine substrate (**2**), pyridine (**3**), and D~2~O (**4**).
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